'" J BACKGROUND A necessary first step in seeking to manage radon levels in the indoor environment is to understand the phenomenon of radon entry into buildings. Studies so far [e.g. Sextro et al., 1987; have shown that the soil adjacent to the house substructure is usually the dominant radon source in buildings with even moderately elevated radon concentrations. Radon is produced within the soil by the radioactive decay of radium, which is present in all earth-crustal materials, and is transported within the soil both by diffusion and advective flow of soil gas. At the soil-basement interface, radon enters the building through restricted openings (cracks, joints and holes). Existing data indicate that high concentrations of indoor radon are usually associated with elevated rates of radon influx, advectively transported with the bulk soil gas inflow which is driven by small pressure differentials (of the order of a few pascals) between the basement and the land surface. The pressure differences are caused by indoor-outdoor temperature differences (stack effect), interaction of wind with the building envelope, and operation of exhaust fans.
It is noteworthy that though steady air inflow is dictated by pressure differences of but a few pascals, the transient barometric pressure fluctuations consist of periodic components with amplitudes ranging from a few Pa for periods of minutes, to a few hundred Pa in diurnal variations. Since these transient pressure variations have magnitudes equal or larger than the pressure difference which is responsible for steady airflow, the question arises as to the significance of the transient pressure variation to the radon entry rate into building. That decreasing atmospheric pressure causes an increase in exhalation of 222Rn from soil surface, and an upward shift of its concentration profile in soil gas has been known for a long time (see review articles by Tanner, 1964; 1980) . However, no general analytical treatment of the combined effects of diffusion and advection induced by atmospheric pressure changes appeared until that of Clements and Wilkening [1974] .
They solved the advective diffusive differential equation involving radon production and decay by numerical methods to interpret their reported field data of radon fluxes across the earth-air interface in response to pressure changes of 1000-2000 Pa associated with the crossing of weather fronts. They observed that the instantaneous radon flux can vary from 20 to 60%. The magnitude of the radon flux in response to atmospheric pressure changes understandably will be a function of soil properties such as porosity, permeability and gas saturation. Indeed, Schery et aI. [1982] reported that in a fractured rock environment, the instantaneous radon flux can be increased by as much as an order of magnitude in response to similar decreases in atmospheric pressure as reported by Clements and Wilkening [1974] . However, since such atmospheric pressure variation is cyclical, oftentimes it is the time-averaged radon flux rather than the instantaneous radon flux that is of interest reported the measurement of the time averaged radon flux as a result of natural pressure cycles such as due to the passage of cyclonic weather systems. Their measurements indicate a modest net enhancement of flux (::: 10%). Mathematical modeling of transient radon flux from soil and fractured rock surfaces in response to atmospheric pressure variations include those of Bates and Edwards [1980] , Holford et al. [1989] , and Owczarski et al. [1990] . Holford et al. use a two dimensional finite element code to simulate the radon fluxes from a dry, cracked soil. To date, modeling studies on radon entry into houses mostly focus on the steady state radon entry rate due to a slight under-pressure at the house basement. These studies include works of Scott [1983] , Eaton and Scott [1984] , DSMA [1985] , Loureiro [1987] , Mowris and Fisk [1988] , Revzan and Fisk [1990] , Revzan et al. [ , 1991b . In order to investigate the potential importance of transient air flow to radon entry into buildings, we, in an earlier paper [Narasimhan et al, 1990 ] modeled the temporal variations of soil air flux into a basement caused by periodic variations in barometric pressure in the presence of a persistent under-pressure at the basement. Results of that study show that for a homogeneous soil medium, the effects of barometric fluctuation are most significant in the cases where soil permeability to air is low and the fluctuation frequency is high. In these cases, the barometric fluctuation can greatly enhance the magnitude of soil gas fluxes as well as introduce flow direction reversals from surrounding soil into the basement. Now, in this paper, we specifically investigate the radon entry into the basement in the presence of transient atmosphere pressure pumping. 
PROBLEM DEFINITION
To study the combined effects of time-dependent barometric fluctuations and timeindependent under-pressure on soil gas inflow and radon entry at a basement, we define the problem as shown schematically in Figure 1 . The water table lies 5 m below the land surface and 3 m below the 10-meter wide basement floor. In the absence of all driving forces except gravity, the soil air within the soil formation will be static if the gas pressure at each elevation, z, above the water table is Po(z) = P wt -pgz where P wt is the mean air pressure at the water table, assumed throughout this work to be 10 5 Pa, p is the density of air and g is acceleration due to gravity. Pressure boundary conditions which would induce persistent air inflow into the basement were chosen as follows. The mean pressure P at the land surface is equal to Po (z = 5 m) and the mean pressure at the basement floor is assumed to be always 5 Pa below that at the land surface, Po (z = 3 m) -5 Pa, thus insuring a continuous Darcy flow of soil gas into the basement.
The fluctuations in the atmospheric pressure are assumed to be felt at both the land surface and at the basement floor with no damping or phase lag. For our initial studies, the atmospheric pressure fluctuations are assumed to consist of a single sinusoidal component with a given amplitude and frequency oscillating around the respective mean values of P at the outside land surface and the basement. Two different boundary conditions at the basement floor are implemented. One is an open boundary over the entire floor, this will be the case when the basement floor has no impermeable covering such as a concrete slab, referred hereafter to as the dirt floor basement. The other is a closed boundary except for a 1 cm opening centered at x=4.4 m (O.6m from the basement edge), which corresponds to a basement covered by an "impermeable" concrete slab except for a small penetration (cracks, joints, holes) that extend between the indoor and the soil.
APPROACH
Because of the complex geometry of the soil-house interface, and the numerous processes that are involved (transient pressure driven gas flow, radon production and decay, diffusion and advection of radon), numerical models constitute a powerful tool for studying the proposed problem. For our calculations we use an isothermal fluid flow and chemical transport model CHAMP . CHAMP solves mass balance equations that describe fluid and tracer mass flow in general multi-dimensional • -5 -system (lD, 2D or 3D). The numerical model can handle heterogeneous or anisotropic media; porous or fractured porous formations; time dependent boundary conditions and source terms. CHAMP is based on an "Integral Finite Difference Method" (Edwards, 1972; Narasimhan and Witherspoon, 1976) in which space discretization is made directly from the integral form of the basic conservation equations, without converting them into partial differential equations. This "Integral Finite Difference Method" avoids any reference to a global system of coordinates, and thus offers the advantage of being applicable to regular or irregular discretizations in one, two or three dimensions. It is particularly suited to arbitrary geometry and can handle mixed symmetry. For example, in the present problem of a small crack opening in the basement floor, the discretization is chosen to be radial in the immediate vicinity of the opening, but cartesian away from the crack opening ( Figure 4 ). This kind of gridding which conform closely to the anticipated geometry of flow lines afford great improvement in the accuracy of numerical results . CHAMP has the option of either discretizing time explicitly as a forward first order difference, or fully implicitly as a first order backward finite difference. The implicit scheme is chosen for this study. The discretization of the mass conservation equations results in a set of algebraic equations, which are solved completely simultaneously with a sparse version of LU decomposition and backsubstitution (Duff, 1977) . The code CHAMP was originally developed to solve problems of transient flow of water in isothermal, variably saturated, deformable media from one to three dimensions. Nevertheless, it can be readily applied to air flow in so far as air can be idealized as a slightly compressible fluid, where the ideal gas law is utilized to give the compressibility of air. This idealization is indeed appropriate in our case since we deal with pressure fluctuations of a fraction of a per cent of the mean pressure. In CHAMP, fluid flow is solved first, and then the transport at every time step. The assumption of one way coupling from flow to transport is based on the excellent approximation that transport of dilute species does not significantly affect the density of the fluid. This results in the solution of the problem in the form of two NxN matrices for N discretized nodes rather than in the form of a 2Nx2N matrix. The flow portion of CHAMP is the numerical code TRUST, which has been extensively verified against analytical solutions and validated against numerous experimental results [e.g. . A. = radioactive decay constant of radon (2.1 x 10-6 s-I), and G = rate of radon production in soil per unit volume of soil gas (Bq!m 3 -s).
Boundary conditions are such that at the ground surface the concentration C(z=O) = 0 for all times, whereas deep into the formation Coo (z = -00) is a constant, therefore,
oz Iz=-oo ( 2) We see that Coo = G/A. by substituting (2) into (1) at steady state, ~~ = O. At steady state, the expression (3) satisfies both boundary conditions at z = 0 and z = -00, and m is solved by substituting Eq (3) into Eq (1), then the steady state analytic solution for (1) is
For the verification exercise, we model a ID column of soil with uniform porosity and homogeneous permeability to air. A negative pressure is applied at the ground surface (z=10 m) with respect to the other end of the column (z=O m) so that radon can move to the land surface by both advection and diffusion. Parameters values were chosen to resemble those which will be used in subsequent modeling of radon entry into houses, they are: [Owczarski, 1990] . We have also labeled the curves in Figure 2 by the numerical Peelet number Pe = vAz/nD. It is \Yell known that numerical dispersion becomes more problematic with "sharp fronts." In fact, when the numerical Peelet number Pe exceeds 2, oscillations behind the sharp front appear in the numerical simulation. The oscillations can be reduced to a smeared-out broadened front by increasing the weighting of the upstream node. In our modeling studies, the numerical Peclet number for each node is monitored to insure that our results are not adversely affected by numerical dispersion.
MODELING STUDIES
We idealize the configuration shown in Figure 1 ~x as x increases. Soil porosity is assumed to be constant and air is prescribed a constant compressibility of 10-5 Pa-1 from the ideal gas law at the reference pressure of 10 5 Pa, a constant density of 1.21 kglm 3 and a constant viscosity of 1.8 x 10-5 kglm-s. We are aware that in general air permeability will vary in space and in time due to soil heterogeneity as well as variations in water saturation. Yet, for these initial studies we consider a simplified system where the permeability is assumed not to vary with distance from the water table, and in most cases a homogeneous soil formation is assumed, where modeling studies are carried out with permeabilities ranging from 10-13 m 2 to 10-10 m 2 for both the dirt floor basement configuration as well as the impermeable basement floor with a 1 cm crack configuration. The only kind of permeability heterogeneity considered in this study is the special case where the permeability equivalent to a few orders of magnitude larger than the rest of formation characterize a thin layer of soil immediately below the base- Tables 1 and 2 discQssed subsequently.
Similar curves for radon entry into the basement with the 1 cm crack configuration is shown in Figure 6 for the formation permeabilities of 10-10 m 2 (solid curve) and 10-11 m 2 (dashed curve). Columns 5 and 6 in Table 2 show that in these cases, the steady state radon inflow is dominated by the advective flux, hence in the first part of pumping cycle where pressure is decreasing, the total inflow practically reduces to zero since there is negligible contribution from the diffusive radon inflow. Note again the radon flux lags in phase behind the pressure sinusoidal variation. Note also that the oscillatory radon flux reaches its equilibrium values only after several cycles of pumping, this is because the radon concentration around the crack opening becomes redistributed in response to the pressure pumping (greatly increase in the second part of the pumping cycle), thus giving rise to a large radon advective flux. On the other hand, diffusion is always operative, the larger the concentration near the crack opening, the larger is the diffusive flux which tends to reduce the concentration near the crack. The coupling of the advective and diffusive processes causes the oscillatory flux to arrive at equilibrium values after several pumping cycles.
We add here that during different times in the pumping period for the larger permeability cases, the numerical Peclet number for the nodes near the basement opening sometimes exceed 2; however, simulation -results of radon flow using mid-stream or totally up-stream weighting are indistinguishable, indicating that in spite of the numerical inaccuracy in the concentration profile behind the sharp front (oscillation for mid-stream weighting, broadened for up-stream weighting), the concentrations immediately adjacent to the basement opening seem accurate enough to give indistinguishable results in radon flow independent of the weighting scheme.
The simulation results for the dirt floor basement and the 1 cm crack configurations are summarized respectively in Tables 1 and 2. Tables 1 and 2 are organized as follows.
The first column specifies the permeability to air, the second through fourth columns relate to soil gas flow, the fifth through eighth columns relate to radon entry. In particu- oscillatory in time when pressure pumping is present, the percentage increase in radon entry over the constant steady state value are time averages as discussed earlier.
In studying Tables 1 and 2 , we note that the magnitude of the oscillatory air flow from pressure pumping does not bear a direct relationship with its enhancement to radon inflow. This needs to be explained in terms of the physical processes involved in the air flow and radon transport. We begin with the air flow. In column 2 the steady state air flux is linearly dependent on the permeability of the soil gas, when the constant permea- Then, for the set of boundary conditions chosen here, where pressure pumping is present at both boundaries, the oscillatory forcing functions play no net role in increasing the time average soil air flow, indeed, we see that in both Tables 1 and 2 the enhancement to air flow is minimal (less than 4%) for the following cases: K=1O-10 m 2 , T=.5 hr; and K=10-10 m 2 and K=lO-ll m 2 , T=24 hr. In the opposite limit, where the permeability is very low, and the forcing function has a short period, the effects of time lag and phase attenuation become very important so that the oscillatory air flux at the basement is essentially responding to the local boundary condition at the basement opening and not "seeing" the forcing function at the far boundary at the land surface. Then one would expect large enhancement of the amplitude of the oscillatory air flux. This is again borne out in Tables 1 and 2 by the trend of increasing ratios in columns 3 and 4 moving down the column as permeability decreases. Note also from column 2 of Table 1 and Table 2 , that the steady state soil gas inflow into the much smaller 1 cm crack is40-80% of the soil gas inflow into the basement with a soil floor.
Columns 5 through 8 of Table 1 . and 2 list the radon entry into the basement. In column 5, the steady state radon flow is dominated by the diffusion process in the lowest permeability case studied: (10-13 m2); for the other cases, the steady radon inflow increases as permeability increases because of the advective process. We note that the increase of radon entry into the basement due to atmospheric pumping is not directly proportional to the permeability. With high permeability soil there is large enhancement of radon inflow during that part of the cycle when the pumping pressure is decreasing, yet the radon inflow into the basement is forced to zero when the pressure is increasing. The steady state radon inflow from the basement depressurization alone in the absence of pumping also increases with permeability. Consequently the relationship between permeability and increase in radon entry is complex. It is in the intermediate permeability range when the steady state radon inflow is not too large, yet the enhancement in pump-
ing advective radon inflow when the pressure is decreasing is appreciable that the largest percentage increase in radon entry over time is found The largest predicted increases (for uniform soil permeability) are for the cases k=10-11 m 2 and T=.5 hr in the dirt basement configuration, and k = 10-12 m 2 , T=24 hr in the crack configuration. Note that the increase in radon inflow is even more if a high permeability (10-10 m 2 ) layer is present beneath the concrete slab. This kind of permeability heterogeneity maximizes the effect of the 'local' enhancement of the pumping advective radon transport at the basement opening, yet the effective permeability of the formation remains small since the high permeability layer constitute only a small fraction of the total volume, the small effective permeability ensures that steady state radon inflow due to basement depressurization remains small if the soil permeability is ~ 10-12 m 2 • Figure 7 shows the variation of radon flux with time at the basement crack opening for the case where the soil permeability is 10-13 m 2 , the dotted curve is for a homogeneous medium while the solid curve is for the case where the permeability is 10-10 m 2 for a thin layer or'thickness Az=.4 m immediately below the basement slab. The horizontal lines again represent the respective steady state radon inflow. The increase of radon inflow when a large permeability exists in the immediate vicinity of the crack entry is very apparent.
That the largest increase (over steady state advective flow from a persistent 5 Pa under-pressure at the basement) in radon entry should occur for soil formation with overall low permeability except near the crack entry is of interest. Because the large permeability near the crack opening constitutes only a very small fraction of the flow path from the outdoor land surface to the basement, the "effective" permeability remains very close to the low permeability of the formation, thus suppressing the steady Darcy flow from the persistent pressure difference between the. basement and the outside land surface. This particular configuration of permeability variation corresponds to the reallife situation of a subslab aggregate layer. For the same reason, it is clear that a soil formation with overall high permeability except for a thin layer of low permeability beneath the outside land surface, due to decrease in soil gas saturation as a result of rainfall or irrigation, the "effective" permeability along the flow path from outdoor land surface to basement will remain high, giving rise to high steady state Darcy advected radon entry and thus minimizing the effects of enhancement to radon entry from pressure pumping.
Indeed, our simulations of a case where the formation permeability is assigned the value 10-11 m 2 with a thin layer (~z=.4m) of low permeability 10-14 m 2 below the land surface shows results indistinguishable from those when the low permeability layer is absent.
In Tables 1, 2 Table 3 for the dirt floor basement configuration and Table   4 for the basement crack configuration. The entries for the last two columns in Tables 3   and 4 In addition to comparing the effects of pressure pumping on radon entry to steady state radon transport from a persistent 5 Pa under-pressure in the basement, the effects of pressure pumping on radon entry is also compared to diffusion only transport, that is, when depressurization in the basement is absent. Here it was found that contribution to radon entry from transient pressure pumping can be significant for the basement crack configuration. In particular, for the pumping period of 0.5 hour and amplitude 50 Pa, and for a homogeneous medium of permeability k=lO-I Om 2, the radon entry is a factor of 10 larger than the diffusive transport. These results indicate that barometric pumping may help to explain indoor radon concentration during periods of low steady-state driving force such as in the summer when the building is not heated. On the other hand, pressure pumping contributes negligibly to the total radon entry in the dirt basement configuration where the diffusive transport dominates.
In this first attempt to investigate the effect of transient atmospheric pressure on the radon entry into a house basement, we have made some simplifying assumptions and idealizations, but we have chosen parameters and geometries that are likely to be encoun- Table 4 . Radon entry at basement crack for (1) diffusion (2) 
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Schematic diagram for the basement configuration and pressure boundary conditions for modeling radon entry.
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Radon inflow into basement crack with and without pressure pumping of T=24 hr, the fonnation penneability is 10-13 m 2 , the solid curves denotes XBL 9110-6110 the case where a subslab layer of aggregate with penneability 10-10 m 2 is present.
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